Calorie restriction (CR) enhances immune response and prolongs life span in animals. However, information on the applicability of these results to humans is limited. T-cell function declines with age. We examined effects of CR on T-cell function in humans. Forty-six overweight, nonobese participants aged 20 -42 years were randomly assigned to 30% or 10% CR group for 6 months. Delayed-type hypersensitivity (DTH), T-cell proliferation (TP), and prostaglandin E 2 (PGE 2 ) productions were determined before and after CR. DTH and TP to T-cell mitogens were increased in both groups over baseline ( p ≤ .019). However, number of positive responses to DTH antigens ( p = .016) and TP to anti-CD3 reached statistical signifi cance only after 30% CR ( p = .001). Lipopolysaccharide-stimulated PGE 2 was reduced in both groups but reached statistical signifi cance after 30% CR ( p ≤ .029). These results, for the fi rst time, show that 6-month CR in humans improves T-cell function.
L ONG-TERM calorie restriction (CR) has been shown to prolong life in rodents and other shorter lived species ( 1 ) . However, whether CR is effective in prolonging life in humans is not known. Because conducting studies to determine the effect of CR on life span in humans is not feasible, surrogate measures have to be used. One of the hallmarks of aging is the well-characterized impaired regulation of the immune response. This decline in immune function contributes to the increased incidence of infectious, infl ammatory, and neoplastic diseases observed in elderly participants as well as their prolonged postillness recovery periods. Prospective studies indicate a higher incidence of morbidity and mortality in elderly participants with low delayed-type hypersensitivity (DTH), an in vivo measure of cell-mediated immune response ( 2 -6 ) .
Different cells of the immune system contribute to the impaired immunity of old age, but T cells are shown to be the major contributor ( 7 -9 ) . In vivo, T-cell -dependent functions, such as DTH ( 6 , 10 ) , and response to T-cell -dependent vaccines ( 11 , 12 ) are depressed with age. In vitro, several measures of T-cell function have been shown to decline with age ( 13 -20 ) . One such measure that consistently has been shown to exhibit an age-associated decrease across all species is the proliferative response of T cells to T-cell mitogens, phytohemagglutinin A (PHA) and concanavalin A (Con A), and to anti -T-cell receptor antibody (anti-CD3) ( 8 , 13 , 21 -23 ) .
The alteration in T-cell -mediated function has been attributed to intrinsic changes in T cells themselves ( 13 -20 , 24 -32 ) as well as an increase in the production of prostaglandin E 2 (PGE 2 ) ( 33 ), a T-cell -suppressive factor. An age-associated increase in production of PGE 2 and its contribution to reduced antibody production, DTH, and lymphocyte proliferation have been reported ( 10 , 33 -35 ) .
CR has been shown to signifi cantly affect many age-sensitive immunologic responses ( 36 -39 ) in animal models, but there is little information on the effect of CR on the immune response of humans. The splenocyte response to T-cell mitogens, antibody and interleukin-2 production, response to interleukin-2, mixed lymphocyte reaction, and T-cell cytotoxicity have all been shown to be enhanced by CR ( 36 -39 ) . It is also interesting to note that CR has been shown to reduce production of PGE 2 , a T-cell -suppressive factor, in both mice and rats ( 40 , 41 ) . Thus, immune responses, particularly that of T-cell mediated and its regulators, lend themselves as appropriate biologic markers to validate the CR effects in humans. The aim of this study was to determine, for the fi rst time, the effect of 6 months of CR on the T-cell -mediated response in humans using selected in vivo and in vitro measures of T-cell function, which have consistently exhibited age-and CR-induced changes in animal models.
M ethods

Study Participants
This study was performed as part of the ( 42 , 43 ) . Briefl y, the study consisted of a 6-week baseline period during which weight maintenance energy requirements were established and baseline measures of all study outcomes were obtained. This period was followed by a 6-month phase during which time participants were randomly assigned to the 30% or 10% CR group and all food was provided to the participants based on their randomization. The 10% CR group rather than a control group was included to mimic the CR studies in rodents where ad-libitum feeding causes weight gain, so 10% CR was used to keep the weight constant in the control group. Forty-six healthy women and men aged 20 -42 years with body mass index (BMI) in the range 25 -29.9 kg/m 2 were recruited to participate in this study. Individuals 20 -42 years of age were chosen because although CR has been shown to be effective starting in early through midlife in animal species, it may be less effective if started late in life. Eligibility was determined by normal health history questionnaires, physical and psychological examinations, and blood and urine tests. Exclusion criteria included high physical activity levels, smoking, alcoholism, weight fl uctuations (>15 lb in the past year), inability to accurately complete a dietary record (>70 % or >130% of estimated energy requirements), and any anticipated lifestyle changes (such as pregnancy, relocation). Volunteers who had known serious disorders that affect longevity, energy metabolism, body composition, and immune responsiveness, including diabetes, cancer, heart disease, cachexia, eating disorder, depression, alcoholism, infl ammatory disorders, abnormal kidney, liver and thyroid function, and AIDS, were also excluded from the study. Prior to enrollment, all eligible volunteers were shown typical menus from the study to rule out food allergies and major food dislikes that could potentially affect compliance to the CR protocol. Informed consent was obtained from all participants prior to participation in the study, and the participants were provided with a stipend.
Measurement of DTH Response
DTH was determined using the Mantoux test, which utilized three skin test antigens including Tuberculin (Tubersol; Aventis Pasteur, Swiftwater, PA), Candida albicans (Candin; Allermed Laboratories, San Diego, CA), and Trichophyton species ( Trichophyton mentagrophytes in conjunction with Trichophyton rubrum ; Hollister-Stier Labs, Spokane, WA) as well as a negative control (0.9% normal saline; Bound Tree Medical, Dublin, OH). Antigens were employed in a standard volume of 0.1 mL except Tetanus toxoid (Aventis Pasteur), with a volume of 0.025 mL (0.2 limit of fl occulation units per dose), and were injected intradermally at separate sites on the volar surface of the forearm in a clean area free of hair or acneiform rash. The same investigator evaluated the DTH response for all participants. We measured the vertical and horizontal diameters of induration after 24 and 48 hours and considered the reaction positive when the mean value was 5 mm or higher. Averages for each individual antigen were calculated, and a composite score, based on the results of all of the antigens in each participant, was determined.
Lymphocyte Proliferation
A 10-mL venous blood sample was drawn from each participant, after an overnight fast, into a heparinized tube. Lymphocyte proliferation was measured by [ 3 H]-thymidine incorporation following stimulation with anti-CD3 (anti -T-cell receptor) and T-cell mitogens Con A and PHA using a modifi ed whole-blood assay as previously described ( 41 
PGE 2 Production
Diluted whole blood (1:8 in RPMI 1640 medium) was incubated in the presence of lipopolysaccharide (LPS) at 1 m g/mL for 48 hours. Cell-free supernatants were collected at the end of incubation, and PGE 2 was measured using radioimmunoassay as described previously ( 44 ) .
Statistical Analysis
Data are presented as means ± standard errors of the mean. Because the data were not normally distributed, statistically signifi cant differences at p ≤ .05 were assessed by Wilcoxon signed rank tests for within-group differences and Mann -Whitney rank sum tests for between-group differences using Systat 10 statistical software (Systat, Evanston, IL). In addition, correlations between changes in different immune responses with those of BMI were analyzed using Spearman correlation tests.
Results
Study Participants
Forty-six overweight (BMI = 27.9 ± 1.5 kg/m 2 ) nonobese men and women aged 20 -40 years ( M ± SD = 35 ± 5 years)
were randomly assigned to a 30% ( N = 34, men:women = 8:26) or 10% ( N = 12, men:women = 4:8) CR group . There were no statistically signifi cant differences in any of the demographic variables such as weight or height at baseline between the participants randomized to the two levels of CR ( p = .12 -.92; data not shown). The mean percentage weight lost during CR was lower in the 10% CR group ( M ± SD , − 6.97 ± 6.40) compared with the 30% CR group ( − 10.20 ± 3.90), but the difference did not reach statistical signifi cance ( p = .08) ( 45 ) . However, using doubly labeled water method, to assess the percentage of CR in participants, we observed that mean %CR was signifi cantly different between the two CR groups during this time (19.9 ± 15.5 in the 10% CR group vs 30.7 ± 10.9 in the 30% CR group; p = .02) ( 45 ) .
DTH Response
DTH response was increased in both the 10% CR group ( Figure 1A ; p = .008, .004, and .004, for 24 h, 48 h, and the maximum induration from the two time points, respectively) and the 30% CR group ( p = .001, .010, and .002 for 24 h, 48 h, and the maximum induration from the two time points, respectively; Figure 1B ) compared with their baselines. There was no statistically signifi cant difference in the change in diameter of induration between the 10% and 30% CR groups. Thus, the results from the two groups were combined. As can be seen in Figure 1C , when the two groups are combined, there continues to be a signifi cant increase in DTH ( p ≤ .001) for 24 hours, 48 hours, and the maximum induration from the two time points. However, only the participants in the 30% CR group exhibited a significant 22% increase in the number of positive responses to antigens compared with their baseline levels ( p = .016; Table 1 ). This signifi cant change was also observed when the data from the two groups were combined ( p = .008; Table 1 ).
Lymphocyte Proliferation
There was a signifi cant increase in Con A -stimulated lymphocyte proliferation in both the 10% ( p = .010) and 30% ( p < .001) CR groups ( Figure 2A ). In addition, significant increases in proliferative responses were observed in response to another T-cell mitogen, PHA, in both the 10% ( p = .019) and 30% ( p = .009) CR groups ( Figure 2B ). Although both groups exhibited increase over their respective baselines in proliferative response to anti-CD3, the increase reached statistical signifi cance in the 30% CR group only ( p = .001; Figure 2C ). When the two groups were combined, there continued to be a signifi cant increase in responses to all three stimuli following CR ( p < .05).
PGE 2 Production
LPS-stimulated PGE 2 production decreased signifi cantly only in the 30% CR group ( p = .020; Figure 3 ). Although PGE 2 production was lower following 10% CR, the change Figure 1 . Effect of calorie restriction (CR) on delayed-type hypersensitivity (DTH) in humans. Participants were administered a Mantoux test with three recall antigens and a control at baseline (M0) and following 6 months (M6) of 10% ( A ) or 30% ( B ) CR as described in the Methods section. The response of the two CR groups combined is represented in ( C ). Data are mean ± standard error of the mean of the diameter of induration measured at 24 hours, 48 hours, or the maximum response of the two time points. N = 12 for the 10% and 34 for the 30 % group and 46 for the combined group. ** p = .01 -.001 and *** p < .001 for differences of DTH responses between the baseline and after 6-month CR with Wilcoxon signed rank tests.
did not reach statistical signifi cance ( Figure 3 ) . However, when the two groups were combined, there continued to be a signifi cant reduction due to CR ( p = .029).
Correlation Between Change in BMI and Different Immune Parameters
Changes in different immune parameters were correlated with BMI. We observed a signifi cant correlation between changes in BMI and change in response to T-cell mitogens, Con A ( p = .039) and PHA ( p = .006; Figure 4 ) . No significant correlation, however, was observed between changes in BMI and changes of PGE 2 production, or proliferative responses to anti-CD3, or DTH (data not shown).
Discussion
Studies suggest that CR is the only identifi ed natural regimen to increase longevity in all experimental models tested, including yeast, helminthes, fruit fl ies, mice, rodents, and nonhuman primates ( 46 -48 ) , and has been suggested to potentially provide health benefi ts in humans ( 49 ) . It is also well established that immune response and resistance to diseases decline with aging. Studies in several experimental animal models demonstrate that CR improves several aspects of the immune system, including the ability of T cells to respond to different stimuli, whereas reduces PGE 2 production ( 39 , 50 -53 ) . CR has been shown to partially reverse these age-associated changes by mechanisms yet to be elucidated. There is currently no well-controlled human study that demonstrates the interaction between CR and the immune markers. In this article, for the fi rst time, we report that 6 months of CR in overweight adult humans improves ex vivo and in vivo measures of T-cell -mediated function. The DTH response has been long utilized as an overall indicator of the robustness of cell-mediated immunity. In the elderly participants, altered T-cell -mediated immunity is refl ected in their inability to mount a DTH response ( 4 , 6 ) . In this study, we demonstrate that DTH response as well as the proliferative response of T cells to T-cell mitogens and T-cell receptor antibody was signifi cantly increased in both the 30% and 10% CR groups compared with their baseline. However, a statistically signifi cant increase in the proliferative response to anti-CD3 as well as a signifi cant reduction in PGE 2 was only observed in the 30% CR group. Although these latter observations suggest more effectiveness of 30% CR compared with 10% CR in modulating the immune response, it could also be due to the lower number of participants in the 10% CR group and larger variability observed in these measurements. Regardless, these results suggest Effect of 10% and 30% calorie restriction (CR) on lymphocyte proliferation. Fasting whole blood was stimulated by mitogens 25 m g/mL concanavalin A (Con A) ( A ), 25 m g/mL phytohemagglutinin A ( B ), or 0.1 m g/mL anti-CD3 ( C ) for 72 hours, and proliferation was measured by [ 3 H]-thymidine incorporation as described in the Methods section. * p ≤ .05 -.01, ** p = .01 -.001, and *** p < .001 for differences of lymphocyte proliferation between the baseline (M0) and after 6-month (M6) CR by Wilcoxon signed rank tests.
that the CR-induced improvements in T-cell function reported in animals ( 50 , 54 ) are reproducible in humans with as low as 10% CR. In addition, similar to reports in rodents ( 41 ), we observed a signifi cant reduction in PGE 2 production in humans. The decline in PGE 2 production following CR in humans might partly contribute to the CR-induced enhancement of T-cell function as PGE 2 has been shown to be a negative regulator of T cells. The underlying mechanism of CR-induced reduction in PGE 2 is not known at this Notes: CR, calorie restriction; DTH, delayed-type hypersensitivity. * Mean ± standard deviation of the ratio of number of positive antigen responses to the total number of antigens administered.
† Signifi cant increase of responses to positive antigens per person between the baseline (M0) and after 6 months (M6) of CR analyzed by Wilcoxon signed rank test.
time and might be either due to decreased availability of the precursor substrate (arachidonic acid) or a change in expression/activity of the enzymes involved in PGE 2 production, that is, cyclooxygenases and PGE 2 synthase. Other CR-induced effects such as changes in the ratio of naive to memory T cells or molecular changes in specifi c subpopulations of T cells could contribute to the enhancement of Tcell function observed in this study. These alternative mechanisms need to be explored in future investigations.
When the change in immune parameters was correlated with that of BMI, a signifi cant correlation was observed for some, but not all, parameters, suggesting that a threshold might exist between weight reduction induced by CR and some of the immunologic measures or that some measures of the immune response might be more sensitive to the changes in BMI.
As indicated in the Methods section, we utilized a 10% CR group in place of a control group to mimic CR studies conducted in mice. Because we did not have a no-CR group, Figure 3 . Effect of 10% and 30% calorie restriction (CR) on LPS-stimulated prostaglandin E 2 (PGE 2 ) production. Whole blood was stimulated with 1 m g/mL LPS for 48 hours. PGE 2 in supernatant was measured as described in the Methods section. * p = .05 -.01 and ns = nonsignifi cant for differences of PGE 2 production between the baseline (M0) and after 6-month (M6) CR with Wilcoxon signed rank tests. one could argue that the benefi ts of the 30% CR group might have been greater if compared with 0% CR. On the other hand, it could be argued that the results observed are due to seasonal variation, which might have occurred regardless of CR intervention. This is unlikely as participants were enrolled from October 2002 to December 2003 in a random fashion. Furthermore, we observed a correlation between changes in BMI and lymphocyte proliferation, further indicating that the observed changes are due to reduction in caloric intake. In addition, in several other studies in which we have had a placebo control group and using the same design and measures of immune response, we have not observed a signifi cant change in the placebo group compared with their baseline ( 41 , 55 , 56 ) .
Although the study was not designed to investigate age and sex differences in response to CR, we analyzed the data based on sex and age ( ≤ 30 and >30 years old). At baseline, female participants produced signifi cantly more PGE 2 than male participants in both the 10% and 30% CR groups (1650.1 ± 253.7 vs 575.4 ± 122.3, p = .003, respectively). CR decreased PGE 2 production in both male and female participants, but this decrease reached statistical significance in female participants only ( p = .030). The lack of a signifi cant impact on PGE 2 production in male participants might be due to a much lower number of male than female participants. PGE 2 production tended to be higher in participants who were more than 30 years old compared with those who were 30 years old or younger (1454.4 ± 248.6 vs 1031.2 ± 245.8, p = .112, respectively). Higher PGE 2 production by macrophage of old mice compared with young mice has been previously reported ( 34 , 57 ) . CR reduced PGE 2 production in both groups, but this reduction reached statistical signifi cance in those older than 30 years only ( p = .048). The lack of a signifi cant effect in the younger age group could be due to the much lower number of participants in this age group.
At baseline, DTH was signifi cantly lower in female participants compared with male participants (20.6 ± 2.1 vs 37.6 ± 3.8, p = .001, respectively). CR increased DTH in both male and female participants, but the increase reached statistical signifi cance in female participants only ( p = .06 and .001 in male participants and female participants, respectively). Lack of a signifi cant effect of CR in male participants could be due to a much lower number of male than female participants. There was no signifi cant difference in proliferative responses to T-cell mitogens or anti-CD3 between male and female participants at baseline. CR improved immune response in both male and female participants. The T-cell -proliferative responses and DTH tended to be lower in participants with more than 30 years of age; however, CR improved TP in both age groups.
Because of the small number of participants in some of the subanalyses, these results need to be interpreted with caution.
In conclusion, we show, for the fi rst time, that CR signifi cantly improves T-cell -mediated function in adult humans and this effect might be in part mediated through a reduction in PGE 2 production. Further studies are needed to determine the effect of longer term CR on immune response of humans as well as a more comprehensive assessment of underlying mechanisms.
